Aim: To investigate the effects of cannabidiol (CBD) on delayed-type hypersensitivity (DTH) reactions and antigen-induced T-cell cytokine expression. Methods: DTH was induced by subcutaneous ovalbumin (OVA) challenge to the footpads of mice sensitized with OVA. Inflammatory reactions were measured by footpad swelling and histological analysis. Antigen-induced cytokine expression by OVA-primed splenocytes was measured using ELISA and RT-PCR. Results: CBD (1-10 mg/kg) administration, in a dose-dependent fashion, significantly attenuated inflammatory reactions associated with DTH in the footpads of mice sensitized and challenged with OVA. Histological examination revealed that CBD suppressed the infiltration of T cells and macrophages, and the expression of interferon (IFN)-γ and tumor necrosis factor-α, two pro-inflammatory cytokines implicated in DTH in the inflammatory site. In contrast, the expression of interleukin (IL)-10 in the footpads was enhanced by CBD administration. In addition, CBD at concentrations devoid of cytotoxic effects (1-4 µmol/L) attenuated OVA-induced IFN-γ production by OVA-primed splenocytes, whereas IL-4 was unaffected. Conclusion: CBD curbs DTH reactions via suppressing the infiltration and functional activity of T cells and macrophages in the inflammatory site, suggesting a therapeutic potential for CBD for the treatment of type IV hypersensitivity.
Introduction
Cannabis sativa, also known as marijuana, has a long history of medicinal and recreational uses. Cannabinoids are the active constituents contained in marijuana, among which ∆ 9 -tetrahydrocannabinol (∆ 9 -THC) and cannabidiol (CBD) are the most abundant psychotropic and non-psychotropic compounds, respectively [1−3] . Both ∆ 9 -THC and CBD demonstrate a broad spectrum of pharmacological activities, such as anti-inflammation and immunomodulation [4−10] . The affinity of ∆ 9 -THC to cannabinoid receptors contributes to its psychotropic property that limits its clinical application. In contrast, the non-psychotropic property of CBD renders it a promising candidate as a potential immunomodulatory agent. Both Δ 9 -THC and CBD are found to affect the reactivity of T cells and macrophages [11−15] . The effect of CBD on T cells has been investigated extensively in vitro and in some murine models, such as type-1 diabetes and rheumatoid arthritis [7, 8, 10, 12, 16] . CBD attenuated the disease progression in non-obese diabetes mice, which was closely associated with a reduction of the plasma levels of the proinflammatory cytokines IFN-γ and TNF-α [10, 16] . Likewise, CBD diminished the proliferation and IFN-γ production by T cells in a model of collagen-induced arthritis [12] . In addition, we previously demonstrated that CBD markedly suppressed the serum production of antigen-specific antibodies in OVA-sensitized mice [6] . The ability of splenocytes of CBD-treated mice to produce IL-2, IL-4, and IFN-γ was also diminished [6] . Collectively, these results demonstrated that CBD modulated T cellmediated immune responses, in which both T helper (Th)1 (ie, Cannabidiol attenuates delayed-type hypersensitivity reactions via suppressing T-cell and macrophage reactivity IFN-γ) and Th2 (ie, IL-4) cytokines were affected. However, it is currently unclear if CBD is effective in modulating hypersensitivity reactions.
Two subsets of Th cells, namely Th1 and Th2, play a pivotal role in regulating different arms of the adaptive immunity. Th1 cells primarily express IFN-γ, IL-2, and TNF-β that stimulate cytotoxic T cells and macrophages, thereby promoting cellular immune reactions. Th2 cells mainly produce IL-4, IL-10, and IL-13 that activate mast cells, eosinophils and B cells, which facilitate allergic and humoral immune responses [17−20] . The imbalance of the development of Th1 and Th2 cells is involved in various immune disorders, such as hypersensitivity [19, 21−23] . Given the therapeutic potential of CBD as an anti-inflammatory and immunomodulatory agent, and the reported effects of CBD on the expression of both Th1 and Th2 cytokines, the objective of the present study is to explore the therapeutic potential of CBD for DTH, a Th1 cell-mediated immunity in response to specific antigens. We report here that CBD markedly suppressed inflammatory reactions associated with DTH, which was closely associated with a down-regulation of the functionality of T cells and macrophages.
Materials and methods

Reagents and animals
All reagents were purchased from Sigma (St Louis, MO, USA) unless otherwise stated. Reagents used for immunohistochemical (IHC) staining were purchased from BioGenex Laboratories (San Ramon, CA, USA) and AbCam, Inc (Cambridge, MA, USA). Reagents and enzymes used for RT-PCR were purchased from Promega (Madison, WI, USA). ELISA sets for cytokine measurement were purchased from BD Biosciences (San Diego, CA, USA). Cannabidiol (CBD) was purchased from THC Pharm GmbH (Frankfurt, Germany). CBD was dissolved in absolute ethanol and stored at -20 °C. For cell culture studies, CBD was further diluted to the desired concentrations with RPMI-1640 medium (Hyclone, Logan, UT, USA). For animal studies, CBD was diluted with saline containing 10% Tween 20. Male BALB/c mice (5 weeks old) were obtained from the Animal Breeding Center of the National Taiwan University Hospital (Taipei, Taiwan) and housed in a temperature (25±2 °C), humidity (60%±20%) and light (12-h light/dark cycle)-controlled environment. Mice were supplied with standard food and water ad libitum.
Protocol of CBD administration, and OVA sensitization and challenge The mice were randomly divided into the following 4 groups (4-5 mice/group; Figure 1 ): non-sensitized (NS), OVA-sensitized and challenged (OVA), vehicle-treated and OVA-sensitized and challenged (VH), and CBD-treated and OVA-sensitized and challenged (CBD). Except for the NS group, mice were sensitized with OVA by a subcutaneous injection with 0.1 mL of sensitization solution containing 10 µg OVA (0.5 mg/kg of body weight) and 200 µg alum (10 mg/kg; as adjuvant) in saline per mouse on day 0. CBD (1, 5 and 10 mg/kg) and/or vehicle (VH; 10% ethanol and 10% Tween 20 in saline) were daily administered into mice by intraperitoneal (ip) injection from days 6-10. The footpads of all mice were subcutaneously challenged with OVA (10 μg in 25 µL of saline) 1 h post the last drug administration. Delayed-type hypersensitivity (DTH) reactions represented by the degree of footpad swelling were measured by an electronic caliper before and 24 h after the OVA challenge. Following the measurement of swelling, footpads were isolated, fixed in 10% neutral buffered formalin for 2 days, and then immersed in a rapid decalcifier-solution (Merck, Darmstadt, Germany) at room temperature for 3 days. The tissue blocks were then embedded in paraffin and cut into 4-5 µm sections for IHC analysis. The animal experiments were approved by the Institutional Animal Care and Use Committee of the National Taiwan University.
Immunohistochemistry
Paraffin-embedded tissue sections were deparaffinized with xylene, and then rehydrated by immersing sequentially in 100%, 95 %, 90%, 80%, 60% ethanol for 5 min each for hydration. The hydrated slides were immersed in Trilogy (Cell Marque Corporation, Rocklin, CA, USA) at 121 °C for 15 min for antigen retrieval. The slides were then treated with 3% H 2 O 2 for 15 min followed by blocking with normal horse serum for 1 h. Anti-mouse CD3, F4/80, IFN-γ, and TNF-α monoclonal antibodies were applied onto each section overnight at 4 °C, after which the slides were treated with super enhancer for 1 h, and then incubated with poly-HRP reagent for 1 h. For visualization, the slides were treated with the HRP substrate 3-amino-9-ethylcarbazole for 2 min followed by hematoxylin counter staining for 1 min. The number of positive signals (red color) was identified in contrast to the background counter stain (blue color) using the Image-Pro Plus version 5.1 software. Three measurements per footpad and 6−8 footpads per group were analyzed at 200-fold magnification.
Splenocyte cultures and cytokine measurement by ELISA Each mouse was sensitized with OVA by intraperitoneal (ip) injection using 0.1 mL sensitization solution containing 20 μg OVA (1 mg/kg) and 2 mg alum (100 mg/kg) on day 0, and boosted on day 14. On day 15, the mice were euthanized and www.chinaphar.com Liu DZ et al Acta Pharmacologica Sinica npg their spleens were aseptically isolated and made into single cell suspensions by pressing spleens with microtubes in culture dishes containing medium. The cell suspension was harvested and splenocytes were washed and resuspended in RPMI 1640 supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin, and 5% heat-inactivated fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA). Splenocytes (5×10 6 cells/mL) were pretreated with CBD (0.25-4 µmol/L) and/or vehicle (VH; 0.1% ethanol) for 15 min, and then restimulated with OVA (100 µg/mL) for 72 h. CBD was present in the medium during the OVA stimulation. The supernatants were collected and assayed for IFN-γ and IL-4 production by ELISA as previously described [6] .
MTT assay Splenocytes (5×10 6 ) were seeded into 96-well culture plates (0.1 mL/well), and received CBD pretreatment and OVA restimulation for 68 h as described above. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) stock solution (5 mg/mL in PBS) was added to each well (10 µL/well) and incubated for 4 h. At the end of incubation, the formed formazan was dissolved with 3 mol/L H 2 SO 4 , and then the plates were read at 570 nm, and at 630 nm as background.
Semi-quantitative RT-PCR
The total RNA of splenocytes was extracted using TRI reagent (Sigma) following the supplier's instructions. 100 ng total RNA of each sample was reverse transcribed into cDNA by 40 units MMLV reverse transcriptase using oligo-dT as the primer. The reverse transcription proceeded as the following: 42 °C for 15 min and 95 °C for 5 min. The PCR mixture containing PCR buffer, 4 mmol/L MgCl 2 , 6 pmol each of forward and reverse primers, and 2.5 units of Taq DNA polymerase was added to each cDNA sample. Samples were heated to 94 °C for 3 min and cycled 22-30 times at 94 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s followed by an additional step at 72 °C for 5 min. The PCR products were electrophoresed in 2% agarose gels and stained with ethidium bromide (2.5 µg/mL) for visualization. The DNA products were quantified by assessing the optical density of each band using the alpha imager 1200 digital imaging system (Alpha Innotech Crop, San Leandro, CA). The expression level of the housekeeping gene β-actin was employed as the control for semi-quantification of each target gene. Results were expressed as the ratio of the optical density of target genes/β-actin. The primers used are as follows: 5'-AACGAGGTCACAGGAGAAG-3' and 5'-GTC-TATCGATGAATCCAGGC-3' for IL-4, 5'-CATGAAAATCCT-GCAGAGCC-3' and 5'-GGACAATCTCTTCCCCAGCC-3' for IFN-γ, and 5'-AGGGAAATCGTGCGTGACATAAAA-3' and 5'-ACTCATCGTACTCCTGCTTGCTGA-3' for β-actin.
Statistic analysis
The mean±standard error (SEM) was determined for each treatment group in the individual experiments. Homogeneous data were evaluated by a parametric analysis of variance, and Dunnett's two-tailed t-test was used to compare treatment groups to the control group. P<0.05 was defined as statistically significant.
Results
CBD administration attenuated delayed-type hypersensitivity (DTH) reactions
To explore the potential of CBD as a therapeutic agent for Th1 cell-mediated immune disorders, we investigated the effect of CBD on DTH, in which antigen-specific Th1 cells are required for eliciting the hypersensitivity reaction. A murine model of DTH induced by OVA sensitization and challenges was employed. OVA challenge markedly increased the thickness of footpads in OVA-sensitized mice as compared to the NS group (Figure 2A ; NS vs OVA), indicating a successful induction of DTH. The footpad swelling was significantly attenuated by CBD administration in a dose-dependent manner (Figure 2A ; VH vs CBD). Consistent with the results of footpad swelling, histological examination using H&E staining revealed a heavy infiltration of mononuclear cells in subcutaneous tissues of the footpads in the OVA and VH groups, which appeared to be diminished in CBD (5 and 10 mg/kg)-treated groups ( Figure 2B ).
CBD administration attenuated the infiltration and cytokine expression by T cells and macrophages.
The effect of CBD administration on the type of infiltrated cells in the footpads was examined using IHC staining. As expected, a marked infiltration of CD3 + T cells ( Figure 3A and Table 1 ) and F4/80 + macrophages (Table 1) was observed in the OVA group as compared to the NS group, confirming the involvement of T cells and macrophages in DTH. A comparable number of the CD3 + cells was observed between the OVA and VH groups, indicating that the VH per se did not affect the cell infiltration (Table 1 ). More importantly, CBD (1-10 mg/kg) administration significantly attenuated the number of the infiltrated CD3 + and F4/80 + cells in a dose-dependent manner (Table 1) . We next examined whether CBD affected the expression of IFN-γ and TNF-α, two pro-inflammatory cytokines involved in the pathophysiology of DTH. Similar as the profile of T cell and macrophage infiltration, a strong positive signal was detected in subcutaneous tissues of the footpads in the OVA and VH groups, which was markedly attenuated by CBD administration ( Figure 3B and Table 1 ). To further investigate the anti-inflammatory effect of CBD, the expression IL-10, a Th2 associated cytokine possessing anti-inflammatory activity, was examined. We revealed that CBD at the highest dose (10 mg/kg) significantly augmented the number of IL-10 + cells in the footpads ( Figure 3B and Table 1) .
A differential effect of CBD on the expression of IFN-γ and IL-4 induced by specific antigen The above results showing that CBD administration attenuated the cytokine expression associated with DTH prompted us to further examine whether CBD directly influenced the expression of antigen-specific Th1/Th2 cytokines by T cells. OVA-primed splenocytes isolated from mice systemically sensitized with OVA were directly exposed to CBD (0.25-4 µmol/L) and/or vehicle (VH; 0.1% ethanol), and then restimulated with OVA (100 µg/mL) to induce cytokine expression. The level of Th1 and Th2 signature cytokines, IFN-γ and IL-4, respectively, in the supernatants was measured. Direct exposure of splenocytes to CBD (1-4 µmol/L) significantly attenuated OVA-induced IFN-γ production in a concentrationdependent manner ( Figure 4A ), whereas IL-4 was unaffected ( Figure 4B ). The range of CBD concentrations ≤4 µmol/L was used according to our previous results demonstrating the proapoptotic effect of CBD at concentrations ≥4 µmol/L in naïve splenocytes [14] . The results of our MTT assays confirmed that CBD ≤4 µmol/L produced no cytotoxicity, as evidenced by the lack of effect on the cell metabolic activity ( Figure 4C ). The level of cytokine in the supernatants of splenocytes without OVA re-stimulation was below the detection limit of ELISA (data not shown). The effect of CBD on the cytokine expression was further examined at the mRNA level. Consistent with the attenuation of protein production, the level of IFN-γ mRNA expression was markedly attenuated by CBD (2-4 µmol/L) treatment, whereas the level of IL-4 was unaltered in splenocytes re-stimulated with OVA ( Figure 5 ).
Discussion
CBD is a promising anti-inflammatory and immunomodulatory phytocannabinoid currently under intensive investigation. Previous reports showed that CBD affected both humoral and cell-mediated immune responses in a number of experimental models [6, 10, 12, 16, 24] . In these reports, CBD demonstrated a broad spectrum of effects on the serum production of inflammatory cytokines and the expression of cytokines by lymphocytes activated by the T cell mitogen ConA. To date, evidence pertaining to the effect of CBD on hypersensitivity reactions and antigen-induced cytokine expression is limited. Hence, we investigated the in vivo effect of CBD on DTH, an immune response elicited by specific antigens. CBD demonstrated a markedly suppressive effect on OVA challenge-induced inflammatory reactions associated with DTH, including the footpad swelling and the infiltration of T cells and macrophages. In addition, an inhibitory effect of CBD on IFN-γ expression in the inflammatory site was revealed. Our in vitro experiments further showed that CBD possessed a directly suppressive effect on antigen-induced expression of IFN-γ, The observed attenuation of T cell-mediated responses is in line with previous reports showing the immunosuppressive effect of CBD in two T cell-related murine models, including type-1 diabetes and collagen-induced arthritis [10, 12, 16] . In these models, a common feature of CBD-mediated effect is a marked attenuation of IFN-γ production and the subsequent immune/ inflammatory responses elicited by this cytokine. In our studies, the pathophysiology of DTH involves both T cells and macrophages, in which IFN-γ produced by antigen-specific Th1 cells activates macrophages that subsequently trigger DTH reactions by secreting proinflammatory mediators, such as TNF-α [25, 26] . Our data showing the attenuated infiltration of macrophages and TNF-α expression in the footpads of CBD-treated mice indicated that CBD affected macrophages, the downstream inflammatory cells activated by T cells.
These results are consistent with the nature of cell-mediated responses in the employed DTH model, and suggest that the effect of CBD may be mediated by down-regulating the activation and/or the recruitment of Th1 cells and macrophages in response to antigen challenges.
CBD enhanced the expression of IL-10 in OVA-challenged footpads, which is an anti-inflammatory cytokine associated with Th2 cells [19, 20] . Together with the attenuated IFN-γ expression, CBD induced a shift of the Th1/Th2 immunobalance toward the Th2 direction in the inflammatory site, suggesting a potential mechanism for CBD-mediated antiinflammatory effect against DTH. However, the effect of CBD on IL-10 was not dose-dependent, in which CBD at 10 mg/kg was effective, whereas lower doses were not. Thus, the effect of CBD on DTH cannot be solely attributed to IL-10, other mechanisms should be considered. For example, CBD has been documented to modulate the turnover of endocannabinoids. CBD interfered with the metabolism of anandamide by inhibiting fatty acid amide hydrolase [27] . As anandamide has been reported to enhance IL-10 production by activated [28] , and to protect neurons from inflammatory damage [29] , we speculate that the endocannabinoid system may play a role in the observed anti-inflammatory effect of CBD on DTH. More studies are required to decipher the potential role of endocannabinoids in CBD-mediated attenuation of DTH reactions.
We previously reported that CBD exhibited a broad spectrum of inhibitory effects on the expression of cytokines, including IFN-γ and IL-4 induced by ConA [6] . In the present study, we showed a contrasting effect of CBD between IFN-γ and IL-4 induced by the specific antigen OVA, in which only the Th1 cytokine IFN-γ was sensitive to CBD inhibition, suggesting that Th1 cells may be more sensitive to CBD. Many factors may account for the different results between our previous and current results. An obvious one is the mode of T-cell activation, in which a mitogen (ie, ConA) and a specific antigen (ie, OVA) were used in the previous and current studies, respectively. It is noticed that ConA-induced proliferation of splenocytes was inhibited by CBD administra tion [6, 12] ; hence, the broad suppression of T cell cytokine expression by CBD reported in our previous report may be attributed to a general inhibition of cell proliferation. By comparison, the current study focused on the functional activities of antigenstimulated T cells and the results showed that the metabolic activity of OVA-primed splenocy tes re-stimulated with OVA was not influenced by CBD. Therefore, CBD-mediated differential modulation on antigen-induced expression of IFN-γ and IL-4 may not be attributed to a general cellular mechanism, such as inhibition of cell proliferation.
Another possible mechanism that may account for the direct suppression of IFN-γ by CBD is the induction of apoptosis, as we previously reported that CBD ≥4 µmol/L caused a direct pro-apoptotic effect in naive lymphocytes [11, 14] . However, the current study showed that CBD in a non-apoptotic concentration range (1-4 µmol/L) was effective to suppress IFN-γ, but did not affect OVA-induced IL-4 expression and the splenocyte metabolic activity. On the base of these results, the effect of CBD on antigen-induced IFN-γ expression is apparently not to be mediated by the induction of apoptosis. The precise mechanism for the differential sensitivity of the Th1 and Th2 cytokines to CBD is an intriguing issue to be addressed. It also requires further elucidation if CBD induces apoptosis in antigen-stimulated T cells.
In summary, the present study demonstrated that CBD exhibited a differential effect on the expression of antigen- compared to the VH group.
